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SUMMARY 

A rapid method for designing turbomachine blades of a given turning 
and a desirable blade- thickness distribution for a compressible non- 
viscous fluid flow along an arbitrary stream filament of revolution is 
presented. The method utilizes the guiding effects of the blade shape 
on the mean streamline shape and of the blade thickness on the specific 
mass flow along the mean streamline. After the flow on the mean stream- 
line is determined^ the extension of the solution from the mean stream- 
line to the blade surfaces is accomplished by the use of a power series. 
A number of blade profiles are obtainable for the total mass-flow 
requirement^ and one is chosen for the best velocity distribution on 
the blade. The results obtained in the solution can be used for a 
direct check on the accuracy of series approximation and^ also^ for 
the more accurate determination of the velocity distribution along the 
leading and trailing edges of the blade. 

The method is illustrated with the design of several turbine cas- 
cades of highly cambered thick blades. The determination of the shape 
of the blades and the compressible flow past the blades was carried out 
by hand computation in 16 hours. One solution obtained by using three 
terms in the power series compared very well with an available direct 
solution and the blade circulation checks closely the specified turning 
angle. 

Because the surface of revolution^ on which the blades are located^ 
is completely arbitrary^ the method can be applied to axial- flow^ 
radial-flow^ and mixed- flow turbomachines. The variation in the normal 
distance between the stream surfaces of revolution can be taken into 
account, thus incorporating into the design the principal effect of 
three-dimensional flow. The method is readily applied to the design of 
channels on a plane and on a general surface of revolution. 
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INTRODUCTION 

Tlie increasing use of compressors and tiirbines in aircraft power 
plants during the past 10 years has led to considerable research in the 
direct and inverse problems of two-dimensional potential flow past an 
infinite cascade of airfoils. In the inverse problem, the design of 
blades is often directed at control of the pressure or velocity distri- 
bution on the blade. Most of the methods are derived for axial- type 
turbomachines, in which the flow is assumed to take place on cylindrical 
surfaces (methods for incompressible and compressible flow are discussed 
in references 1 to 7 and 8 to 11, respectively) . Methods for designing 
blades in a radial plane are given in references 12 and 10. 

In current axial- and radial-flow turbomachines, the flow surfaces 
are usually of a more general shape than either cylindrical or radial. 
Furthermore, the normal distance between adjacent flow surfaces varies 
along the flow path. A method was therefore developed at the Lewis 
laboratory for the design of blades for compressible flow along an 
arbitrary stream filament of revolution. Instead of the velocity 
distribution on the blade being the required result, the blade design 
is aimed at a desirable blade-thickness distribution required with 
respect to blade strength and IVfech number in general and also the cool- 
ant passage requirement in the case of cooled turbine blades. The com- 
putation involved in this method is relatively simple and short, and 
the usual assumption of a linear pressure-volume relation for compres- 
sible flow is not required. 

For clarity and simplicity the method will first be given for 
compressible flow on a plane or a cylindrical surface and will be 
illustrated by a few examples. The method will then be given for the 
general case of compressible flow along an arbitrary stream filament of 
revolution. 


SYMBOLS 

The following symbols are used in this report: 
B differentiation coefficient 

H total enthalpy, h + -^ 

1 2 

relative total enthalpy, h + -^ W 
h static enthalpy 
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, 1 12 2 
h + 2^ ’2^^ 

L 

blade length projected on turbomachine axis 

Z,cp 

orthogonal coordinates on mean surface of revolution 

M 

^o 

mass flow 

00 

cvj P 

CV3 ^ 

pitch or spacing 

P 

static pressiare of gas 

r 

radial distance from axis of turbomachine 

S 

streamline 

t 

blade thickness in circumferential direction 

V 

absolute velocity of gas 

w 

velocity of gas relative to blade 

y 

distance in direction of pitch for plane flow and equal to rep 
for flow on cylindrical surface 

z 

distance along axis of tirrbomachine 

p 

flow angle on stream surface, tan“*^ ^ or tan"-^ — 

p 

density of gas 

a 

angle between tangent to meridional curve and axis^ tan“^ ^ 

1 ^ 

lormal thickness of stream filament of revolution 

r 

ratio of specific heats 


stream function 

0) 

angular velocity of blade 


Superscript: 


♦ 


dimensionless value 
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Subscripts: 
e exit 

i inlet 

Z,cp meridional and circxanferential components 
m mean streamline 

p pressure surface of blade 

s suction surface of blade 

T total or stagnation state 

y y- component 

z z- component 


DESIGNING BLADES FOR COMPRESSIBLE FLOW IN PLANE 
OR ON CYLINDRICAL SURFACE 
General Description of Method 

In a recent investigation of compressible flow through a typical 
cascade of turbine blades (reference 13) the following results were 
obtained: 

(1) The shape of the mean streamline follows approximately that of 
the mean channel line of the cascade and has a lower ciirvatiire . 

(2) The variation of the ratio of the specific mass flow on the 
mean streamline to its inlet value follows the trend in the variation 
of the ratio of pitch to channel width (inside the channel the ratio of 
the specific mass flow is about 4 percent greater than the ratio of 
pitch to channel width) . 

(3) The variation in fluid properties across the channel can be 
represented by a second-degree function for engineering accuracy. 

These results were used herein to develop a rapid method for 
designing cascade blades for either compressible or incompressible flow. 

This method of blade design starts with the calculation of the com- 
pressible flow on the mean streamline. With the flow angle upstream 
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and downstream of the blade determined by the velocity diagram and the 
pitch and the axial length of the blade given^ a particular mean stream- 
line shape may be sketched by the designer. The designer may use the 
shape of the mean streamline itself as a parameter of the cascade or 
may specify the mean streamline shape according to figure 17 or refer- 
ence 13 (or even better according to any available relation of a simi- 
lar blading) to lead to a certain blade camber line. (if only a number 
of points of this streamline are specified^ it is important that the 
values given are numerically smooth) . In addition to the mean streamline 
shape the designer further specifies at a finite number of points along 
the mean streamline (such as . . . z^g in fig. 1) ^ the ratio of 

specific mass flow on the mean streamline to inlet value. The values 
of the specific mass flow on the mean streamline are determined by the 
blade-thickness distribution which is desirable from the consideration 
of blade stress and Mach number in general^ and the consideration of 
the additional requirement of coolant passage in the case of cooled 
turbine blades, and by a relation between blade- thickness distribution 
and specific mass flow on the mean streamline, such as shown in fig- 
ure 19 of reference 13. 

With these specified values, the velocity components and the density 
are very easily determined at the specified points on the mean stream- 
line. The variation of velocity components and density in the pitch 
direction are then obtained by using power series in that direction. 

The derivatives in the series are determined from the fluid state on 
the mean streamline by the use of equations of continuity and motion 
and the density- velocity relation for isentropic flow. A number of 
blade profiles and their velocity distributions are obtained by inter- 
preting the starting mean streamline as dividing the inlet mass flow 
into two slightly different amounts in the channel. The velocity dis- 
tributions on the blades are compared and the best one is chosen. If 
the blade shape, the thickness distribution, or the velocity distri- 
bution around the blade obtained requires some modification, the 
values specified for the mean streamline should be modified and the 
process repeated. Because of the relatively short computation involved 
(in the illustrative examples of turbine blades, only 16 hours were 
required for the compressible solution by using the first three terms 
in the series and 6 to 10 stations inside the channel), modifications 
of the solution for more desirable blade thickness or velocity distri- 
bution is practical. Families of blade elements can be built up very 
quickly this way for any particular application. 


Basic Relations 

The steady two-dimensional isentropic flow of a nonviscous fluid 
in a plane or on a cylindrical surface is governed by the following 
equations of continuity and irrotational motion, and the isentropic 
pressure-density relation: 
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d(pW^) S(pW ) 

5z 5y ~ 


SWy 


0 


( 1 ) 

( 2 ) 


P = Kp^ (3) 

In these equations, the z coordinate is chosen along the machine axis 
and the y coordinate is chosen along the pitch direction (y = rqp in 
the case of cylindrical flow with r equal to a constant) . 


Consider first the gas flow along a streamline somewhere in the 
midpart of the channel formed by two neighboring blades, such as ab 
in figure 1. The coordinates of the streamline and their differentials 
are related, respectively, by the following two equations: 


S(z,y) = 0 


( 4 ) 


Ss 


dz + 


dS 


dy 


= 0 


( 5 ) 


When the variation of the fluid state along the streamline is considered, 
any quantity q on the streamline is a function of z only, that is, 

1=1 (z^y(z)] (6) 

The total derivative of q with respect to z is 


But 


di _ ^1 ^ ^q dy 
dz ^ 3y dz 


Ss 

dy ^ 
dz ~ ^ 


w„ 


= tan p 


Hence equation (?) may be written as 


( 7 ) 


( 8 ) 


^ ^1 

dz 3z 


tan fl ^ 


( 9 ) 


When equation (9) is used^ the continuity and irrotationality relations 
can he written as 
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and 


<i(pWz) 

dz 


tan p 


^(pW^) d(pWy) 


( 10 ) 


dW„ SW„ 

dr - ST ■ ^ 3T * ° 


The variation of density throughout the flow region can be most 
conveniently expressed in terms of its inlet value through the use of 
equation (3) as follows: 


P 








( 12 ) 


A tabulated general relation of p/p^ ^ in equal intervals of 
can first be calculated^ from which either a table for p/p^ in equal 
intervals of or a graph can be . easily constructed for each indi- 

vidual case and used for the evaluation of density from the velocity. 


Along the chosen (mean) streamline^ where the slope is known and 
pW^ is given at a number of stations^ the density at these stations can 

be obtained as follows: Rewrite equation (12) as 


or 


where 



(pX* fif 


2H„P' 


♦ 2 


W,' 


1 - 




1 

r-1 


(p%* sec p)^ 


H p 


★ 2 


W, 


z,i 






W 

z 



i 


(12a) 


(12b) 
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Either equation (l2a) is used to prepare a table of p * for equal inter- 
vals of (p^W^,* sec p) by an Iterative process, or equation (l2b) is 
used to compute sec p for a number of values p*, which are 

then plotted as a graph. After densities have been obtained from either 
a table or graph, the velocity components on the chosen (mean) stream- 
line are readily computed. The fluid state is then extended out in the 
pitch direction by the equations given in the next section (compare with 
references 14 and 15) . 


Variation of Fluid State in Pitch Direction 


Equations (8) , (lO) , (ll) , and (l2) directly give the first-order 
partial derivatives of W^, W^, and p with respect to y in terms 

of the known quantities on the chosen (mean) streamline as follows: 



cos 


cos 


+ W, 


P 



(13) 

(14) 

(15) 


The second-order partial derivatives of W , and p with 

z y 

respect to y can be obtained as follows: Differentiating the con- 

tinuity equation (l) with respect to y results in 


^^(pw^) 


+ 



(16) 


Equation (l6) can be written through the use of relation (9) as 


S^(pWj 




^ tan p 


S^(pW.) 


El + ± 

Sy2 dz 


^(pWz) 

Sy 


= 0 


(17) 


which is expanded to obtain 




y + 2 in 


^2 


Sp 




Sy 




d ^(pWz) 
dz 5y 


= 0 


( 18 ) 
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From equation (lO) 


Sw. 




V i ^ z ± 

3 “ 11-0.11 P 3 - — 

oy oy P 


d(pWj 


dz 


(19) 


Differentiating the irrotationality equation (2) vith respect to y and 
using equation (9) yield 




P ^ 

,2 dz oy 5 i „2 


Sy^ az oy 

Substituting equations (19) eind (20) into equation (l8) results in 


( 20 ) 


d Wy 2 d(pWj f a_ 3Wy 


S w. 




dz 5y 


■ P I dl 3^ - P 


^(pwJ 




y )tan 8 + 4^^^= 0 


dz 5^ 


Transposing and combining teimis give 




2 ^(P«z) 3p 1 d f 3pV ta„2 - ' 

;;2 —a;— ss? ■ P S Sr ^ Sy/ ^ 3i sr 


d y 


2 

cos P 


• (21) 


After this equation is evaluated, the second partial derivative of W^, 
with respect to y is obtained by using equation (20) : 






Sy' 


, Sw 

^ = A y - tan P 
2 dz dy .s__2 


( 22 ) 


Sy 


A typical computation for these derivatives is presented in tables I 
and II. 

The second-order partial derivative of p with respect to y is 
obtained again from equation (l2) : 


1 d^p _ 2-y f ^ 
P Sy 


2"„2 


(r-1) 


U4) 


n^y 


dy2 dy2 


(23) 


Third and higher order y- derivatives, if required, can be obtained 
in a similar manner. The complete variation of any fluid property q 
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across the channel can then be expressed hy a Taylor's series in (y-y ) 

from the various derivatives at the given streamline, such as the mean, 
streamline 



Determination of Blade Profile 

The blade profile can be obtained by a consideration of mass flow. 
At the chosen stations , mass flow across a constant z line from y 

to y is computed as a function of y according to the following^qua- 
tion: 


M = 


pW^. dy 


'Jy, 


m 


(25) 


The variations of mass flow M and the magnitude of resultant velocity 
W at each station are plotted against y (fig. 2) . Because the con- 
dition on the suction surface is more critical than that on the pressure 
surface^ the blade shape on the suction side is determined first. From 
the plot of mass flow against y^ a number of y ^ s are chosen for a 

number of mass flows in the neighborhood of one-half the inlet mass 
flow^ thus obtaining a number of suction surfaces . The corresponding 
velocities on the suction surfaces are read from the velocity plots 
(fig. 2) . The one with the best velocity distribution is then chosen. 
After the suction surface is selected, the pressure surface and its 
velocity are determined in a similar manner by the total mass-flow 
requirement. If the shape or thickness of the blade or the velocity 
distribution on the blade obtained is not quite the one desired, the 
shape of and the flow on the mean streamline can be modified accordingly 
and the process repeated. Because each case takes a relatively small 
amount of computation, this modification is practical. Systematic 
building up of families of blades for various applications is also not 
difficult. 


The accuracy of the blade coordinates obtained depends mainly on 
the accuracy of series representation and the accuracy to which the 
partial derivations are evaluated. For high- solidity blades, such as 
those investigated in reference 13, the first three terms in the series 
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will give sufficient accuracy. For low- solidity blades^ more terms may 
be required. It may be noted that acciorate representation of the flow 
variation by the series is difficult to achieve in the neighborhood very 
close to the leading and trailing edgesj but from a practical point of 
view it is satisfactory to fair in the nose and the tail according to 
some standard shape after the blade coordinates are obtained up to a 
short distance away from these regions. 

The application of this design method will be greatly aided by the 
availability of detailed flow variations in typical bladings such as 
those given in references 13 and 16. If a typical solution of the type 
of blading to be designed is not available, either a direct problem may 
be solved first, or even better, the acciaracy of the inverse solution 
can be ascertained in the manner described in the following section. 


Method of Checking Solution 


The inverse solution obtained by this method can be very conven- 
iently checked and improved, if necessary, by the relaxation method 
utilizing the fluid state obtained in the solution. Inasmuch as the 
velocities are available in the solution, the equation for irrotational 
absolute flow (equation (A9) of reference 13) is now written as 


Sy2 U ^ 


W. 


SP 


= 0 


\ j oz 'z 5^^ 

The finite-difference form of equation (26) is then 

n 2 i • 

B 

j k=0 


(26) 


^ 1 , i ^ 2 i , k 

L-J K. T S- — I n k 


j=0 ^ k^O ^ ^ 


= 0 


(27) 


where the same notation used in reference 13 is employed. A grid 
system is obtained by retaining the same z- stations used in the inverse 
solution and dividing the pitch distance into an appropriate number of 
divisions. The values of \1/, W, and p are most conveniently obtained 
by reading off the plots of integrated mass flow M, W, and p at 
each of the z-stations. The differentiation coefficients B's for 
equally spaced grid points as given in reference 17 can be applied 
throughout the domain for the present piirpose by using the function 
values which are inside the blade but at equal spacing from the points 
in the channel (the first and last rows in tables III and IV) . If the 
residuals obtained according to equation (27) require negligible change 
in \i/, the solution is entirely satisfactory. If the residuals are 
large enough to necessitate one cycle of relaxation, the net effect 
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may be a slight change in the specified mean streamline flow and in the 
velocity distribution on the resultant blade. If the residuals are so 
large as to warrant a few cycles of relaxation, the flow variation for 
this type of blading is established, which makes the design of other 
similar bladings very simple. In general, for problems in which some 
knowledge of the flow is available, no relaxation should be necessary 
except, perhaps, near the nose and tail when accurate detailed velocity 
distribution in these regions is desired. 


Special Case of Incompressible Flow 

When the density is constant, the channel width ratio P/(P-t) has 
a relation to similar to the relation it has to 

compressible case (reference 13) . A number of values of W^, are there- 
fore prescribed at a number of chosen stations along the mean streamline 
to lead to a desirable thickness distribution of the blade. The solu- 
tion of the incompressible problem continues in generally the same 
manner as it did for the compressible case with considerable simplifi- 
cation in the series terms and the integration process. In the incom- 
pressible case, of course, equations (l2), (15), and (23) relating p 
and the velocities are unnecessary. 


The first- and second-order derivatives expressed by equations (13), 
(l4), (21), and (22) for the compressible case are simplified to; 


and 


SW / dW dW^ \ 2 


dy \dz 


dW 


+ tan |3 


dz 


z I 2 R 
cos p 





/aw. 


^^an p ^ - 


y 


dz \ ay / dz V ay , 


aw. 


cos^ p 


(28) 

(29) 

(30) 


>.2 

a w, 


Sy' 






( 31 ) 


for the incompressible case. The equation for obtaining mass flow 

Wz dy. 

^m 


becomes M = p 
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Illustrative Examples 

The procedure outlined in the preceding sections has been applied 
to the design of several highly cambered thick turbine blades for either 
compressible or incompressible flow. 

First and second examples . - In the first example^ the shape of the 
mean streamline and the variation of axial velocity obtained in the 
incompressible solution of the blade given in reference 13 are taken 
as the specified values in order to determine whether the original 
blade will be reproduced. The shape of the mean streamline is shown in 
figure 1 and the thickness distribution of the blade is shown in fig- 
ure 3. As a further check of the method^ the z- stations chosen in this 
calculation correspond to every other z- station used in reference 13^ 
so that the velocities obtained along these stations can also be com- 
pared with the solutions obtained in reference 13. The given quantities 
were inlet angle 41° 18' j exit angle -52° 57'; axial chord 

1.5 inches; and pitch 1.017 inches. 

The same data are used in the second example in which a compres- 
sible solution for an inlet Mach number of 0.42 is obtained. The axial- 
velocity variation on the mean streamline used in the first example is 
now taken as the specif ic-mass- flow variation on the mean streamline. 
This example is presented mainly to illustrate the difference in incom- 
pressible and compressible solutions for the same mean streamline shape 
and the same ratio of specific mass flow. 

The complete computation for the flow on the mean streamline and 

the determination of the first- and second-order derivatives of W . 

z 

W , and p in the pitch direction at the mean streamline for these 

two cases is given in tables I and II. Only three terms in the series 

are used because the direct solutions given in reference 13 indicate 

that they will be sufficient for engineering accuracy. The central- 

point fourth-degree differentiation formula is used at the regular 

stations z_ to „ . Because the first and last stations inside the 
3 lb 

channel employed in reference 13 are not close enough to the leading 
and trailing edges, respectively, two extra points are computed at 
stations 6.75 and 12.25 by the use of the unequal interval differen- 
tiation fomiula given in reference 18. These two points are so desig- 
nated because they are located at a distance of a quarter of the regular 
spacing away from stations 7 and 12, respectively. This combination is 
unnecessary for other cases. 

The velocities and the densities used in the calculation are non- 
dimens ionali zed as follows: 
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W 



z 




The mass flow M*, being divided by p^W, 
length: 


i i^ 


has the dimension of 



2 


For the compressible case, the ratio of to is equal 

to 25.78, which is the value used in the construction of the two density 
graphs involved in the calculation, the reduced versions of which are 
shown in figures 4 and 5. 

The values in columns 2, 5, 8, 9, 12, and 13 of table I and 7, 8, 
13, 14, 22, and 23 of table II are used to compute the variation of W 
and W in the pitch direction by the power series. The calculation 

V 

of density follows directly as does the integration across the channel 
for mass flow, the mass flow being determined numerically. Because the 
specific mass flow pW„ was made dimensionless with its inlet value, 

the numerical value for the mass flow is equal to the pitchy the height 
being considered unity. This indicates that the integration for mass 
flow along the pitch direction starting at the mean streamline was con- 
sidered to be complete in either the plus or minus direction when a 
value equal to one-half the pitch distance or one-half the total mass 
flow was reached. Thus the channel flow and the blade coordinates 
were obtained. This calculation at one station, 10, is shown in 
tables III and IV for the two cases, respectively. 

The blade profile obtained by interpolating y^ and yp for 

one-half of the inlet mass-flow value is shown in figure 6. Because of 
the same mean streamline shape and the same variation of specific mass 
flow on the mean streamline prescribed in the incompressible and com- 
pressible cases, the blades obtained for these two cases look quite 
similar except that the compressible one is somewhat thicker and the 
suction surface of the compressible solution is situated farther from 
the given mean streamline; these results are consistent with the direct 
solutions given in reference 13. The velocities obtained in the two 
cases (fig. 7), however, are quite different. Those in the compressible 
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solution are, in general, higher than those in the incompressible case, 
principally because of the high velocity on the mean streamline result- 
ing from the use of the same (pW„)^ and a decreasing p along the 

Z IIL 

mean streamline in the compressible case. 

The blade coordinates obtained in the incompressible solution are 
compared with those of the original blade in figure 8. The velocities 
at the six regular stations in the channel are compared (figs. 9 to 11) 
with the values obtained in the relaxation solution of the original 
blade reported in reference 13. These four figures show that^ in 
general^ the present solution is satisfactory. The relatively large 
differences near the leading and trailing edges are partly due to the 
inaccirracy in the second-degree polynomial approximation in the present 
calculation and partly due to the inaccuracy of the numerical solution 
obtained in reference 13 caused by the relatively coarse grid used in 
these regions. 

As a check of the consistency of the solution^ an integration of 
the velocity along the blade profile obtained in the same example was 
made and compared with the circulation value computed from the inlet 
and exit tangential velocities and the pitch. The two are in agreement 
within 1 percent. 

Third and fourth examples. - In the previous two examples^ the mean 
streamlines and specific-mass-flow distributions prescribed were not 
entirely arbitrary^ having been obtained from the results of a direct 
problem for incompressible flow. The possibility of obtaining an 
unrealistic blade shape was^ for this reason^ largely eliminated. Con- 
sequently^ in order to give the method a still more rigorous test^ the 
thickness distribution (fig. 12) and mean blade line (fig. 13) for the 
hub section of an experimental cooled turbine blade were arbitrarily 
chosen from which a mean streamline and specific mass flow were estima- 
ted by means discussed in the section ^General Description of Method.” 

In addition to the mean blade line and thickness distribution, the 

o 

following data were used: inlet Mach number^ 0.42; inlet angle, 36.2 ; 

exit angle, 42.7^; axial chord, 1.8 inches; and pitch, 1.176 inches. 

The mean blade line was faired into the inlet and exit directions 
(fig. 14) with modification to obtain a mean streamline according to 
the information obtained for a typical turbine blade in reference 13 
(see fig. 8). The thickness distribution was used to obtain the 
specific-mass-flow distribution along the mean streamline (dashed curve 
in fig. 15) according to results obtained in reference 13. After the 
flow on the mean streamline was calculated, it was then extended out 
from the mean streamline across the channel by means of power series as 
before. 

Both compressible and incompressible solutions were completed, the 
incompressible case being considered first because of its relative 
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simplicity. The results of the incompressible case served as a guide to 
obtaining better prescribed values for the compressible case. The blade 
obtained in the incompressible solution has a slightly higher thickness 
distribution than was wanted and, because results obtained in the first 
two examples indicate that the compressible blade will be thicker than 
the incompressible for the same specific-mass-flow distribution, this 
distribution was depressed by a linear proportioning (fig. 15) in order 
to obtain better starting values for the compressible case and conse- 
quently a thinner blade (fig. 14) . The same mean streamline numerically 
smoothed to give small fourth differences was used in both cases . 

As a check of the accuracy of the last solution, a grid having the 
same spacing in the z-direction used in the inverse solution (0.18) and 
a grid spacing of 0.147 in the y-direction is chosen, and the residuals 
at the grid points are computed according to equation (27) using the 
central point second-degree differentiation formula. As shown in 
table V, the residuals are rather small when they are compared with the 
magnitude of the coefficient at the points (-154.3). As an indication 
of the percentage error in the velocity, these residuals are first 
divided by -154.3, resulting in an approximate change in the t value 
at each point. Then the probable error in ^fdy or pW^. is calcula- 
ted. The result is shown in table VI, which indicates that the solution 
obtained is s\iff iciently accurate for ordinary purposes. 


DESIGNING BLADES FOR COMEEIESSIBLE FLOW ALONG ARBITRARY 
STREAM FILAMENT OF REVOLUTION 
Basic Relations 

The blade design method presented in the section "Designing Blades 
for Compressible Flow in Plane or on Cylindrical Surface" can be very 
easily extended to the more general case of flow along an arbitrary 
stream filament of revolution having a varying normal thickness 
(fig. 16). When only an average value in the stream filament of revolu- 
tion, as represented by the flow on the mean stream surface of revolu- 
tion described by a set of orthogonal coordinates I and cp (fig. 16), 
is considered, the equation of continuity for steady relative flow and 
the equation of irrotational absolute flow are given in reference 13 as 
follows: 


S(TpW^r) S(TpW^) 

5^ 


0 


cp 


, W sin a 

+ 

r dcp r 


(!') 


+ 2cd sin a = 0 


( 2 >) 
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where primes in equation nimibers indicate equations similar to those of 
the cylindrical case . 


When the fluid flow along a streamline S(Z,cp) = 0 on the mean 
surface of revolution is considered^, it is convenient to write any 
quantity q on S as a function of I only. Then the total deriva- 
tive of q with respect to I, following the streamline, is 

^ _ Sq Sq ^ ^ 1 ^ tan P Sq / 

dl "ST dl Si 5cp r ~ ST ^ r ' 

when 

tan 3 = ^ = r ^ 

^ dl 


When the preceding relation is used, the continuity and irrotationality 
conditions can be written as 


and 


d(TpW^r) 

dl 


S(TpW,) S(TpW^) 

- I’ -5^ " - 0 


( 10 ’) 


dW 


cp 


dl 


r Sep 


tan 3 


^cp 

— + 2a))sin a = 0 


( 11 ’) 


The variation of density throughout the flow region, in general, 
is obtained from the velocity by using the following equation: 



' 12 2 
I + 


hi 



( 12 ’) 


In order to obtain the density on the starting (mean) streamline, equa- 
tion (12^) is written in the following form (compare with equation (7a) 
of reference 13) : 


2 



where 


(12a') 
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and 


2 






2 

r-1 


= (p*w^* 


sec 




1 

+ 2 


2 2 ' 
03 r 




r+1 

r-1 


Once the general relation between 2 and $ is available, the evalua- 
tion of p* for certain given values of p*W^"' sec p along the chosen 

(mean) streamline is made simple if auxiliary tables or graphs giving 

^ _ r+1 

r-1 

as fianctions of r 

are first obtained. 


^1 2 2 ' 
+ 2 CO r 

^i 


r-1 


and 



The determination of the flow along the starting (mean) streamline 
(fig. 17) proceeds very much the same as in the case of plane flow or 
flow on a cylindrical surface. The shape of the streamline gives 
sec p. The variation of obtained from the blade-thickness 

variation along the mean surface of revolution as follows; If the 
value of pW^ on the mean streamline represents its average value in 
the circumferential direction 

T(pW^)jjj (P-t) = (TpW^P)i (32) 

But 


(33) 

hence 

XTpWjr)^ P-t 

Although there is always some deviation from this simple relation, 
especially around the leading and trailing edges, a relation between the 
two terms in equation (34) similar to that between and 
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P/(P-t) in the previous cylindrical case can be expected. Then, from 

T*(p*W *) r* (p*W_*) is calculated and combined with sec (3 from 
6 m Z m 

which is obtained by equation (l2a* ) . After p^^^* is determined^ 


W 


Z^m 


and then W, 


cp,m 


are easily calculated. 


Variation of Fluid State in Pitch Direction 


DO 

IND 

IN3 

OJ 


The first-order partial derivatives of and p with 

respect to cp are readily obtained from equations (lO*)^ (ll*)^ and 
(12') as: 


d cp 


tan p 
dl ^ TP 


d(TpW^r) 


dl 


+ (W|^ + 2cjar) sin a 


cos p (13’) 


. I tan p _«■ + («ip + 2oir) sin oj - i 


d(TpWjr) "I 2 

>cos p 


dl 


1 dp _ _ 1 

^ ^ (r- 1 ) (i + I 


dw 


dw 


2 


li ^ 


(14') 

(15') 


In a manner similar to that of the case of plane or cylindrical 
flow -the second-order partial derivatives of and p are 

obtained as follows : 


Sp 


dcp^ 



/ ^^1 dp^ 

^ ^ — di ^ di + ^1 

/ , dw 


Sw Sw 

+ sin o 



2 

cos p 


d^w 


d^ ^ 2-r / dpY 
" d 2 


dcp 

2 


= r A ^ - tan 13 
dl d9 




eg 


dcp 


+ sin 


in o 

dcp 


(r-l)^I + - I ^ dcp 


d^W, d\„ 

^ ^ dep^ 


( 21 ') 

( 22 ') 


(5)’*(S 


( 23 ') 
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After the variation of fluid state in the circumferential direction 
is determined, the mass flow across a constant I line from cp to cp 
is computed by 


r\ 


M = rT 




p W, dCp 




m 


(25') 


from which the blade coordinates are determined as in the previous case. 
If checking is desired, the following equations are to be used: 



S In T ^ 1 , 



Sp ^ bp 
~ r 5^ 


+ 2cnp sin a ) = 


0 


(26') 



i 


T 





k=0 


p + 2o)(p sin a)’ 


0 


(27') 


where the same notation used in reference 13 is employed. 


SUMMARY OF RESULTS 

A rapid method for designing turbomachine blades of a given turning 
and a desirable blade-thickness distribution for a compressible non- 
viscous fluid flow along an arbitrary stream filament of revolution is 
presented. The method utilizes the guiding effects of the blade shape 
on the mean streamline shape and of the blade thickness on the specific 
mass flow along the mean streamline. After the flow on the mean stream- 
line is determined, the extension of the solution from the mean stream- 
line to the blade surfaces is accomplished by the use of a power series. 
A number of blade profiles are obtainable for the total mass- flow 
requirement, and one is chosen for the best velocity distribution on the 
blade. The results obtained in the solution can be used for a direct 
check on the accirracy of series approximation and, also, for the more 
accurate determination of the velocity distribution along the leading 
and trailing edges of the blade. 
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The method is illustrated with the design of several cascades of 
airfoils. In each case either some indication of the accuracy of the 
solution is given or the relation between the incompressible and com- 
pressible problems are shown. In the first case^ the results obtained 
in an incompressible direct solution were used as prescribed values for 
the inverse problem to show that the original blade can be relatively 
easily reproduced with adequate accuracy. The variation of the velocity 
and its components across the channel was shown to compare favorably 
with those obtained in the direct solution and an integration around 
the blade for the circulation checked with that obtained from inlet and 
exit values within 1 percent. In the second problem^ the same mean 
streamline and specific-mass-flow distribution along it were used; but 
this time the density was allowed to vary as in compressible flow and a 
comparison was made between the blades obtained in the first two cases. 

In the third and last problem^ an arbitrary mean streamline and specific- 
mass-flow distribution were chosen^ the blade obtained^ and the solution 
checked by calculation of the residuals as in a direct relaxation solu- 
tion. Because the residuals were small the solution was considered to 
be reasonably accurate. A computation designed to give some indication 
of the accuracy of the velocities by dividing the derivative of the 
error in the stream function by the derivative of \1; itself showed 
them to be accurate generally within 1 percent except near the blade 
boundaries where an end-point formula was necessarily used to obtain 
derivatives . 

Because the surface of revolution^ on which the blades are located, 
is completely arbitrary, the method can be applied to axial-flow, radial- 
flow, and mixed- flow turbomachines. The variation in the normal 
distance between the stream surfaces of revolution can be taken into 
account, thus incorporating into the design the principal effect of 
three-dimensional flow. The method is readily applied to the design of 
channels on a plane and on a general surface of revolution. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, May 31, 1951. 
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TABLE I - CCMPUTATION OF FLOW ON MEAN STREAMLINE AND FLEIST- AND SECOND-ORDER y-DERIVATIVES AT THE MEAN STREAMLINE OF FIRST EXAMPLE 

(INCOMPRESSIBLE FLOW) 




— Q 



(D 




^5 — 


— 

— 


IS — 


Station 

z 

ym 


tan Pj, 
dz 

sec 2 3m 
1 

(D® 

d W* 
z,m 

d W* 

y.m 

\ /m 

(D(D+@ 

\ &y /m 
©(7)-® 

d 

^ /m 
dz 

^\dyM 

dz 

( 

\ /m 

@-(D@ 

dz 

dz 

dz 

dz 

m 

® 

® 

® 

1 

-1.4084 

-0.3728 

1.0000 












2 

-1.1541 

- .1494 

1.0000 












3 

- .8999 

.0740 

1.0000 

0.89108 

1.79402 

. 89108 









4 

- .6456 

.3060 

.9990 

.93556 

1.87527 

.93462 









5 

- .3914 

.5517 

.9771 

1.03618 

2.07367 

1.01245 

. 25467 

.40963 

0.32479 

0 08187 





6 

- .1371 

.8178 

1.1500 

. 93615 

1.87638 

1.07657 

1.01252 

- .39092 

.29682 

- .73465 





6.75 

.0535 

.9684 

1.3659 

.65622 

1.43062 

.89633 

1.08548 

-1.67726 

- .67450 

-1.52810 

-5.42823 

0.65833 

4.09629 

-2.02974 

7 

.1171 

1.0070 

1.4310 

.54290 

1.29474 

.77689 

.83681 

-1.76538 

-1.01262 

-1.38656 

-5.49465 

.43023 

4.42423 

-1.97168 

8 

.3714 

1.0922 

1.5410 

.15759 

1.02483 

. 24285 

. 20256 

-2.15563 

-2.07225 

- .52913 

-1.74154 

4.16951 

2.34050 

3.80067 

9 

.6256 

1.0905 

1.5520 

- .17470 

1.03052 

- .27113 

- .08784 

-1.93581 

-1.86359 

.41341 

2.12073 

3.07270 

-2.57882 

2.62218 

10 

.8799 

1.0050 

1.5000 

- .48718 

1.23734 

- .73077 

- .36054 

-1.65736 

-1.19750 

.94394 

2.91580 

1.20754 

-2.83195 

- .17213 

11 

1.1341 

.8424 

1.3710 

- .80665 

1.65068 

-1.10592 

- .63199 

-1.31032 

- .48497 

1.02319 

2.60927 

- .55502 

-1.30950 

-1.61133 

12 

1.3884 

.5938 

1.1930 

-1.15578 

2.33583 

-1.37885 

- .73497 

- .70788 

.06061 

.66491 

1.48324 

-2.66657 

. 68444 

-1.87551 

12.25 

1.4519 

.517,0 

1.1430 

-1.24560 

2.55152 

-1.42372 

- .76104 

- .57670 

.14550 

.57980 

1.12891 

-1.97290 

.52068 

-1.32434 

13 

1.6426 

.2620 

1.0242 

-1.42353 

3.02644 

-1.45798 

- .46772 

. 06181 

. 24042 

- .12547 





14 

1.8969 

- .1119 

.9680 

-1.43337 

3.05455 

-1.38750 

- .00544 

.23739 

.08027 

- .10962 





15 

2.1511 

- .4600 

.9980 

-1.36644 

2.86716 

-1.36371 






16 

2.4054 

- .8090 

1.0000 

-1.34897 

2.81972 

-1.34897 









17 

2.6596 

-1.1458 

1.0000 









18 

2.9139 

-1.4826 

1.0000 
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TABLE II - COMPUTATION OF FLOW ON MEAN STREAMLINE AND FIRST- AND SECOND-ORDER 


ro 

CD 




® 

© 

© 



© 

® 

© 

© 




Station 

z 

Ym 

(p*W*)m 

tan 

<i© 

dz 

sec2 Pjj 
®^+ 1 

(p*Wz* sec p)2 
©2 ® 

Pi 

From® 
and 
fig. 4 

^z,m 

© 

@® 


^ (p " 2)111 

Pi 

1 

© 

1 d (p*wj)m 

dz 

dz 

dz 

d© 

dz 

Pn dz 

@ @ 


-1 4084 

-0 3728 

1 0000 











2 

1 1541 

1494 

1 0000 











3 

- .8999 

.0740 

1.0000 

0.89108 

1.79402 

1.794 

0.9989 

1.00110 

0.89206 

— 







4 

- .6456 

.3060 

.9990 

. 93556 

1.87527 

1.872 

.9942 

1.00483 

. 94008 


— 

— 


5 

- .3914 

.5517 

.9771 

1.03618 

2.07367 

1.980 

.9875 

. 98947 

1.02527 

0.51913 

.25467 

1.01266 

0.25789 

6 

- .1371 

.8178 

1.1500 

. 93615 

1.87638 

2.482 

.9528 

1.20697 

1.12990 

- .29567 

1.01252 

1.04954 

1.06268 

6.75 

.0535 

.9684 

1.3659 

.65622 

1.43062 

2.669 

.9381 

1.45603 

.95548 

-1.78473 

1.08548 

1.06598 

1.15710 

7 

.1171 

1.0070 

1.4310 

.54290 

1.29474 

2.651 

.9397 

1.52283 

.82674 

-1.86758 

.83681 

1.06417 

.89051 

8 

.3714 

1.0922 

1.5410 

.15759 

1.02483 

2.434 

.9564 

1.61125 

. 25392 

-2.28571 

.20256 

1.04559 

.21179 

9 

.6256 

1.0905 

1.5520 

- .17470 

1.03052 

2.482 

.9528 

1.62888 

- .28457 

-2.05532 

- .08784 

1.04954 

- .09219 

10 

.8799 

1.0050 

1.5000 

- .48718 

1.23734 

2.784 

.9287 

1.61516 

- .78687 

-1.87747 

- .36054 

1.07677 

- .38822 

11 

1.1341 

.8424 

1.3710 

- .80665 

1.65068 

3.103 

.9000 

1.52333 

-1.22879 

-1.61583 

- .63199 

1.11111 

- .70221 

12 

1.3884 

.5938 

1.1930 

-1.15578 

2.33583 

3.324 

.8773 

1.35985 

-1.57169 

- .82525 

- .73497 

1.13986 

- .83776 

12.25 

1.4519 

.5170 

1.1430 

-1.24560 

2.55152 

3.333 

.8763 

1.30435 

-1.62470 

- .63878 

- .76104 

1.14116 

- .86847 

13 

1.6426 

.2620 

1.0242 

-1.42353 

3.02644 

3.175 

.8927 

1.14731 

-1.63323 

.25782 

- .46772 

1.12020 

- .52394 

14 

1.8969 

- .1119 

.9680 

-1.43337 

3.05455 

2.862 

.9222 

1.04966 

-1.50455 

.36881 

- .00544 

1.08436 

- .00590 

15 

2.1511 

- .4600 

.9980 

-1.36644 

2.86716 

2.856 

.9225 

1.08184 

-1.47827 





16 

2.4054 

- .8090 

1.0000 

-1.34897 

2.81972 

2.820 

.9257 

1.08026 

-1.45724 

— 





— 

17 

2.6596 

-1.1458 

l.OOCX) 











18 

2.9139 

-1.4826 

1.0000 
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y-DERIVATIVES AT THE MEAN STREAMLINE OF SECOND EXAMPLE (COMPRESSIBLE FLOW) 
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© 

@ 
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dz 

dz 
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0 -(D0 













































0.37921 

0.13504 

0.50725 

-9.90595 

-0.05121 

0.32380 











.37261 
- .71676 
-1.06903 

- .71386 
-1.62746 
-1.47089 

- .34002 
-2.43778 
-2.67250 

-9.76531 

-9.70541 

-9.71150 

.03482 

.25118 

.27519 

. 39705 

- .30667 

- .58550 

-4.34319 

-4.48125 

0.68130 
. 30905 

4.92447 

4.97137 

3.98182 

4.21565 

-1.93165 

-1.97963 

-2.19776 

- .55814 

-3.52228 

-9.77988 

. 36016 

-1.52163 

-1.62207 

4.42590 

1.77463 

2.49116 

4.03332 

-1.97882 

.43789 

-3.18986 

-9.76515 

.32666 

-1.35333 

1.78075 

3.34414 

-1.84098 

-2.44188 

2.91754 

-1.36449 

1.05297 

-2.81622 

-9.66642 

.29134 

- .79664 

2.41248 

1.60341 

-2.63869 

-2.92758 

.17715 

- .63573 

1.21503 

-2.21530 

-9.54591 

.23207 

- .21864 

2.05021 

- .62334 

-2.37613 

-1.29481 

-1.66780 

.06123 
.17362 
. 33163 

.12351 

.76699 

.65221 

.05185 

- .17114 

- .98451 

- .73012 
. 26406 

. 35701 

-9.44812 

-9.44380 

-9.51525 

-9.63891 

.10420 

.07731 

.02775 

- .03704 

.19541 

.25298 

.32788 

.07502 

1.14733 

.78433 

-2.64875 

-2.17306 

-1.32192 
- .91861 

.66553 

.65000 

-1.87954 

-1.36342 
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TABLE III - COMPUTATION OF VELOCrTY COMPONENTS AND MASS FLOW AT STATION 10 OF THE FIRST EXAMPLE (INCOMPRESSIBLE FLOW) 

[ziO = 0.8799J yjQ = 1.0050; Ayp =* 0.13333; Ayg =»-0.09933j 
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nAy 
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© 

y 

ym + n(Ay) 

y - Xm 
nAy 

(y-ym)^ 

2 

Y 
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"z,m 

^ 3y jm 


Wz* 

®+@®+@(D 

Wy% 

(^*1 


Wy* 

W* 

J3^ 

M* 

/^©dy 

ym 

Blade y 
coordinate 
obtained 
for 

M* =t0.5085 

2^yp 

2Ayp 

Ayp 

Xm 

Ays 

2Ays 

3Ays 

4Ayg 

1.5383 

1.4050 

1.2717 

1.1383 

1.0050 

.9057 

.8063 

.7070 

.6077 

0.53333 
.40000 
. 26667 
.13333 

0.14222 

.08000 

.03556 

.00889 




0.83686 

1.00723 

1.17454 

1.33881 

1.50000 

1.61810 

1.73451 

1.84921 

1.96221 




-0.63010 

- .57975 

- .57975 

- .63009 

- .73077 

- .83849 

- .97418 
-1.13780 
-1.32938 

1.04755 

1.16216 

1.30983 

1.47967 

1.66854 

1.82236 

1.98936 

2.17121 

2.37013 

0.62534 

.50236 

.35688 








1.41120 














1.5000 

-1.19750 

-0.17213 

-0.73077 

0.94394 

-2.83195 



- .09933 

- .19867 

- .29800 

- .39733 

.00493 

.01973 

.04440 

.07894 









-.32141 
-.49941 
- .68873 








. 70208 
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TABLE IV - COMPUTATION OF VELOCITY COMPONENTS AND MASS FLOW AT STATION 10 OF THE SECOND EXAMPLE (COMPRESSIBLE FLOW) 

“ 0.B799) yn = 1.0050; Ayp » 0.13333; Ayg *-0.09933~j 
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TABLE V - RESIDUALS OBTAIKED IN COMPRESSIBLE SOLUTION OP THIRD EXAMPLE 



0.18 

0.36 

0.54 

0.72 

0.90 

1.08 

1.26 

1.44 

1.62 

1.80 

1.176 


0.2093 

0.7716 

- 0.0361 

- 0.2726 

0.0989 





1.029 

- 1.2212 

- .1610 

.3052 

.3007 

.1913 

.1127 

0.0752 

- 0.4316 

- 0.0797 


.882 

- 1.0128 

- .2084 

.1641 

.0091 

.1671 

.0279 

- .3206 

.2230 

- .2538 

- 0.2408 

.735 

- .3648 

.2068 

- .0093 

- .1896 

- .1197 

- .1168 

- .2642 

- .1612 

- .1942 

.3271 

.588 

.1086 

.2642 

.0211 

- .0233 

.2706 

.0586 

.5123 

.1244 

.1099 

.4335 

.441 

.294 

.147 

0 

- .3708 

- .5373 

- .3869 

.6299 

- .1013 

- .1494 

.0229 

- .0189 

- .0003 

- .9797 
.2631 

.0698 

- .2363 

- .4918 

.2336 
- .3507 
.0368 
.3491 


TABLE VI - ESTIMATED PERCENTA® ERROR IN bif/by or pWz 



0.18 

0.36 

0.54 

0.72 

0.90 

1.08 

1.26 

1.44 

1.62 

1.80 

1.176 


- 0.01005 

- 0.01217 

0.01223 

0.01342 

0.00119 





1.029 

- 0.00022 

- .00771 

- .01115 

.00081 

.00779 

- .00128 

0.01148 

0.02231 

- 0.00597 


.882 

.01599 

.00644 

- .00541 

- .00830 

- .00524 

- .00392 

- .00599 

.00498 

- .00226 

0.01664 

.735 

.01997 

.00785 

- .00228 

- .00051 

.00162 

.00049 

.01381 

- .00177 

.00691 

.01366 

.588 

- .00010 

- .00952 

.00941 

.00128 

- .00043 

.00210 

.00393 

- .01441 

.00496 

- .00190 

.441 

.294 

.147 

0 

- .00107 

- .00015 

- .01544 

.01228 

- .00268 

- .01121 

- .00199 

- .00795 
.00437 

.00236 

.04036 

- .00650 

- .01052 

- .00432 

- .01598 

- .00394 
.01379 
.00555 
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Flp;ure 1. - Mean streamline, inlet and exit angles, and z-stations. 
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Figure 2. - Determination of blade coordinate and velocity on blade. 
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z, In. 

Figure 3. - Blade-thickness distribution. 
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Figure 4. - Variation of p* with (p*W 2 sec in accordance 

with equation (12b). 
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. - Inverse solutions for compressible and incompressible flows. 


Figure 6 



CM 

cn 



Figure 7. - Velocities on blade surfaces and mean streamline obtained in inverse solutions. 


£222 


WACA TN 2455 


2223 


NACA TN 2455 


37 



Figure 8. - Comparison of incompressible solution with 

original blade. 
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Figure 9. - Comparison of axial velocities. Vertical lines are stations. 
Using scale, read horizontal distance from station to corresponding 
curve to obtain velocity. 
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z/L 

Figure 10. - Comparison of tangential velocities. Vertical lines are stations. 
Using scale, read horizontal distance from station to corresponding curve to 
obtain velocity. 
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Figure 11. - Comparison of resultant velocities. Vertical lines are stations. 
Using scale ^ read horizontal distance from station to corresponding curve to 
obtain velocity. 
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Figure 12. - Blade-thickness distribution. 
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Figure 13. - Desirable mean blade line and corresponding 

blade shape. 



42 


NACA TN 2455 



Figure 14. - Mean streamline shape and resultant blades. 
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(a) Stream filament of 
revolution. 


(b) Mean stream surface 
of revolution. 


(c) Element. 



z 


(d) Applications to axial-flow, mixed-flow, and radial-flow turbomachines. 

Figure 16. - Flow on arbitrary surface of revolution and stream filament of revolution. 
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Figure 17 . - Blade section on arbitrary surface of revolution. 
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